ASL ͉ chloride ͉ trachea ͉ ratio imaging T he air-facing surface of respiratory airways is lined by a layer of surface epithelial cells whose mucosa is bathed by a thin film of fluid called the airway surface liquid (ASL) (1-5). The airways also contain submucosal glands that secrete fluid and macromolecules onto the ASL (6-9). The submucosal glands contain serous tubules and acini that secrete salt, water, and various antimicrobial proteins. The serous secretions pass through mucous tubules, where viscous glycoproteins are added, and then into a collecting duct and onto the airway surface. Active salt and water secretion by serous epithelial cells is believed to involve Cl Ϫ transport by the cystic fibrosis transmembrane conductance regulator (CFTR) protein (10-12) driving water transport through AQP4 and AQP5 water channels (13-15). Submucosal gland secretions are proposed to be important for generation of ASL fluid and for creation of an environment that inhibits bacterial colonization.
T
he air-facing surface of respiratory airways is lined by a layer of surface epithelial cells whose mucosa is bathed by a thin film of fluid called the airway surface liquid (ASL) (1) (2) (3) (4) (5) . The airways also contain submucosal glands that secrete fluid and macromolecules onto the ASL (6) (7) (8) (9) . The submucosal glands contain serous tubules and acini that secrete salt, water, and various antimicrobial proteins. The serous secretions pass through mucous tubules, where viscous glycoproteins are added, and then into a collecting duct and onto the airway surface. Active salt and water secretion by serous epithelial cells is believed to involve Cl Ϫ transport by the cystic fibrosis transmembrane conductance regulator (CFTR) protein (10-12) driving water transport through AQP4 and AQP5 water channels (13) (14) (15) . Submucosal gland secretions are proposed to be important for generation of ASL fluid and for creation of an environment that inhibits bacterial colonization.
Abnormalities in submucosal gland secretions have been proposed to contribute to the airway pathophysiology in cystic fibrosis (CF). CFTR is expressed in serous epithelial cells of submucosal glands more strongly than in other tissues of the airways and lung (16, 17) . Autopsy specimens from neonates with CF but who have not yet developed lung disease show distended lumens in submucosal glands, which were interpreted to indicate mucus accumulation (18) , but others report normal CF gland morphology (19) . Cell culture measurements have indicated abnormal Cl Ϫ and fluid transport in gland epithelial cells from CF patients (12, 20, 21) . It was thus postulated that the salt content and viscosity of submucosal glandular secretions in CF are abnormal (22) . In addition, based on reported functional interactions between CFTR and a Cl Ϫ ͞HCO 3 Ϫ exchanger (23) and transport of HCO 3 Ϫ by CFTR (24) , it has been postulated that the pH of glandular secretions in CF individuals is abnormal.
The purpose of this study was to measure [Na
], pH and viscosity of freshly secreted fluid from human submucosal airway glands to determine: (i) whether the composition of fluid secreted from glands is similar to that of the ASL, and (ii) whether gland fluid composition differs in normal vs. CF human airways. We recently developed fluorescent probes and ratio imaging microscopy methods to measure [Na 
Methods
Airway Preparations. Fragments of normal and CF human airways were obtained after lung transplantation and consisted of scrap airway trimmings from normal donor lungs and larger tissue fragments from discarded CF lungs. Tissues were placed in cold Physiosol (Abbott) within 30 min after removal for transport to the laboratory and initial dissection. Tissues were then transferred to ice-cold HCO 3 Ϫ -buffered Krebs solution (see below) and continuously gassed with 95% O 2 and 5% CO 2 . Tissues were cut into rectangles of Ϸ2 cm 2 , and a 1.5-to 2-mm thick layer containing the mucosa and submucosa was dissected away from the underlying cartilage. Two different procedures were used to mount the tissues. In the first procedure, tissues were placed over a wire mesh in a tissue culture well with HCO 3 Ϫ -containing media bathing the serosa and left in a cell culture incubator for 30 min. The airway fragment was then mounted by using pins on a sponge soaked in HCO 3 Ϫ -containing Kreb's buffer (120 mM NaCl͞25 mM NaHCO 3 ͞3.3 mM KH 2 PO 4 ͞0.8 mM K 2 HPO 4 ͞1.2 mM MgCl 2 ͞1.2 mM CaCl 2 ͞10 mM glucose, pH 7.4) (on the serosal side) and held in a perfusion chamber with This paper was submitted directly (Track II) to the PNAS office.
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the mucosal side up in a humidified 5% CO 2 ͞air atmosphere at 37°C (see Fig. 1 A) . In the second procedure, the tissues were mounted on a Sylgard-lined Petri dish by using pins with the mucosal side facing up and with the serosal side bathed in Kreb's buffer. In both procedures, the mucosa was then washed with saline, dried by using a cotton swab and nitrogen stream, and covered with oil (5-10 l͞cm 2 tissue). At 3-5 min after addition of carbachol (10 M) to the serosal bathing solution to stimulate gland secretion, individual droplets of freshly secreted gland fluid were microinjected with 2.3 or 4.6 nl of Kreb's buffer containing the fluorescent indicators by using a Nanoject-II microinjector (Drummond Scientific, Broomall, PA). At the time of measurement, the droplet volumes were 0.1-0.5 l, so that the contribution of injected Krebs buffer to the gland fluid was Ͻ5%. . Beads were prepared as described (25) . [Cl Ϫ ] was measured by using a 40-kDa dextran conjugated with the chromophores 6-phenyl-N-(6-carboxyhexyl) quinolinium and 6-carboxytetramethylrhodamine as described (25) . Quinolinium:tetramethylrhodamine:dextran molar labeling ratio was 4.5:0.5:1. pH was measured by using the dual-excitation wavelength pH indicator BCECF [2Ј,7Ј-bis-(2-carboxyethyl)-5-(and-6)-carboxy f luorescein] conjugated to dextran (Molecular Probes).
Fluorescence Microscopy. The chamber containing mounted bronchial tissue was positioned on the stage of a Leitz upright fluorescence microscope with a Technical Instruments coaxialconfocal attachment. Fluorescence was measured by using a photomultiplier detector and custom filter sets for quinolinium, tetramethylrhodamine, BCECF, Sodium Red, and BODIPY-fl chromophores. Fluorescence was detected by using a Nikon 50X extra-long working distance air objective (numerical aperture 0.55, working distance 8 mm) for ratiometric determination of
, and pH. Background f luorescence was Ͻ1% of total f luorescence for [Na ϩ ] and pH measurements, and for tetramethylrhodamine f luorescence in [Cl Ϫ ] measurements. Background f luorescence (measured in noninjected f luid droplets) was generally Ϸ40% of total f luorescence for measurement of quinolinium f luorescence in [Cl Ϫ ] measurements and subtracted.
Photobleaching Measurements. Photobleaching measurements were done by using an apparatus described previously (26, 27) . Bronchial tissues were mounted as described above on the stage of a Nikon upright fluorescence microscope, and gland fluid droplets were microinjected with size-fractionated FITCdextran (10 kDa). The output of an argon ion laser (488 nm, Innova 70-4; Coherent, Palo Alto, CA) was modulated by an acousto-optic modulator and directed onto the fluorescent droplet by using a Nikon extra-long working distance objective lens (ϫ20, numerical aperture 0.35, working distance 20.5 mm). Illumination intensity was Ϸ0.2 mW at the sample before the bleach and during detection of fluorescence recovery, and increased Ϸ5,000-fold during the 10-to 20-ms bleach pulse. Emitted fluorescence was filtered by a 530-nm interference filter, detected by a photomultiplier, and digitized by a 14-bit analog-to-digital converter. The photomultiplier was transiently gated off during the bleach pulse by reducing the voltage of the second dynode. Fluorescence was sampled over 1 s before the bleach pulse and then at rates up to 1 MHz during fluorescence recovery. Recovery half-time (t 1/2 ), defined as the time when fluorescence recovered by 50% because of diffusion, was determined from fluorescence recovery curves, F(t), by using the equation:
where F o is prebleach fluorescence, F inf is fluorescence at infinite time, and R is the fractional fluorescence recovery. Absolute diffusion coefficients (D) were determined by comparing t 1/2 measured in gland fluid to that in similar size droplets of saline containing 10 mg͞ml FITC-dextran with known diffusion coefficient of 8.0 ϫ 10 Ϫ7 cm 2 ͞s.
Results
Freshly excised fragments of human airways were mounted in a warmed, humidified perfusion chamber for measurement of the composition and viscosity of freshly secreted fluid from submucosal glands as shown in Fig. 1A . After drying the mucosal surface with a nitrogen stream, the mucosa was covered with a thin layer of oil to visualize gland secretions as they accumulated. Individual droplets (volume generally 0.1-0.5 l) were microinjected with small volumes of solutions containing [Na
, pH, or viscosity-sensitive fluorescent dyes. The properties of single droplets were then studied by fluorescence microscopy. Last, apparent aqueous-phase viscosities were compared in fresh gland secretions microinjected with a 10,000-Da FITCdextran by using the photobleaching recovery method. As depicted in Fig. 4A , a brief intense laser pulse irreversibly bleached fluorophores in a region defined as a thin vertical cylinder within the fluid droplet. Unbleached fluorophores from outside of the bleached region then move into the bleached region by diffusion, resulting in fluorescence recovery. The rate of fluorescence recovery provides a quantitative measure of FITC-dextran diffusion and thus of fluid viscosity. For determination of diffusion coefficient (D, cm 2 ͞s), recovery curves were compared for FITC-dextran dissolved at dilute concentration in saline, defined as having a relative viscosity of unity. Fig. 4B (Left, top curve) shows the fluorescence recovery of a small droplet of saline containing FITC-dextran, with a fitted half-time (t 1/2 , see Methods) of 13 Ϯ 1.4 ms. The t 1/2 was independent of droplet size (1-to 2-mm diameter) and was the same when measured in solution layers (FITC-dextran in saline sandwiched between coverglasses) of thicknesses 10-40 m. Therefore, as predicted for the low magnification, low numerical objective lens used for this study, recovery curves are independent of droplet size and geometry. nearly completely in both samples, but the recovery rate was visibly slower in the CF sample. Fig. 4B (Right) summarizes t 1/2 values measured in three different normal and two different CF samples, each value corresponding to a single secreted droplet.
Measurements from a third CF sample were excluded because of questionable tissue appearance and a very slow gland secretion rate. Computed diffusion coefficients were: 2.9 Ϯ 0.3 ϫ 10 Ϫ7 cm 2 ͞s (normal) and 1.5 Ϯ 0.1 ϫ 10 Ϫ7 cm 2 ͞s (CF). FITC-dextran diffusion was thus slowed to an approximate 2.7 Ϯ 0.3-fold in gland fluid from normal airways compared to saline, and further slowed to an approximate 5.5 Ϯ 0.6-fold in gland fluid from CF airways (P Ͻ 0.001).
Discussion
These studies apply minimally invasive quantitative procedures to measure [Na
], pH and viscosity in freshly secreted fluid from airway submucosal glands. In situ measurement of fluid composition and rheology avoids the trauma and potential alteration of fluid properties by microcapillary or other sampling methods. For example, it is difficult to maintain CO 2 ͞HCO 3 Ϫ ͞pH during sample manipulation, and fluid rheology can be markedly changed. We found that gland fluid salt concentration was similar to that of the ASL, that pH was in the range 6.8-7.0 in gland fluid and in the ASL, and that neither [Na ϩ ] nor pH differed significantly in gland fluid from CF airways. Diffusion measurements by a photobleaching method indicated that apparent viscosity in gland fluid from normal airways was 2.7-fold greater than that of saline, and further increased by 2-fold in gland fluid from CF airways.
The sampling of freshly secreted fluid from airway submucosal glands in vivo was first done by Nadel and coworkers (28) to study the regulation of gland fluid secretion by autonomic agonists. Microcapillary fluid sampling and microrheometry indicated that autonomic agonists regulated the viscoelastic properties of submucosal gland secretions from cat trachea (29) . A modified protocol was used by Quinton (30) to show that gland secretions in freshly excised cat trachea are approximately isotonic. More recently, Ballard and coworkers have studied the role of submucosal gland secretions in fluid homeostasis in freshly excised proximal airways from pigs. Pretreatment of distal bronchi with Cl Ϫ and HCO 3 Ϫ transport inhibitors resulted in ductal mucus accumulation (31, 32) , suggesting that inhibition of gland salt and water secretion leads to mucus obstruction of submucosal gland ducts, one of the early pathological findings in CF airways (33, 34) . Pretreatment of tracheas with CFTR inhibitors supported a role of CFTR in glandular Cl Ϫ and HCO 3 Ϫ secretion (10) . It is thus believed that fluid secretion by submucosal glands is a major contributor to establish the ion and water composition and volume of ASL (35) . The absence of watery secretions from submucosal glands in CF could reduce ASL volume and hence mucociliary clearance by mechanisms including increased viscosity, altered macromolecule composition, and altered tonicity.
The measurements of ionic composition indicated that [Na ϩ ] and [Cl Ϫ ] in freshly secreted gland fluid are in the range 90-105 mM and that pH is 6.8-7.0, predicting a [HCO 3 Ϫ ] of 6-8 mM. Although the concentrations of K ϩ and other solutes͞macro-molecules were not measured, it is clear from the data here that the secreted gland fluid differs significantly from bath values. In particular, gland secretions are more acidic than bath fluid, a point made long ago for ferret tracheal secretions (36) . Because the mucosal surface was covered with oil and measurements were made soon after fluid was secreted, the values are not likely to be influenced by surface epithelial cells which make contact with a portion of the droplet surface. However, the fluid may well be modified by the epithelium lining the collecting and ciliated ducts within the gland. The ionic composition of glandular secretions was reported previously in cat trachea in which ] each was Ϸ100 mM and not different between normal and CF subjects.
It was subsequently postulated that the properties of secreted fluid might be altered in CF (22) . Based on short-circuit current measurements and inhibitor studies in pig trachea showing that CFTR may be involved in Cl Ϫ and HCO 3 Ϫ transport, it was proposed that the pH might be more acidic in gland secretions in CF (10). Our results indicate that neither [Na ϩ ] nor pH differed significantly in gland fluid from CF airways. However, because the measurements used only cholinergic stimulation and given other caveats mentioned below, we cannot conclusively rule out the possibility of abnormal Cl Ϫ , HCO 3 Ϫ , or fluid transport in cystic fibrosis glands.
Although gland fluid [Na ϩ ] and pH did not differ in CF, the viscosity of secreted gland fluid as measured by FITC-dextran diffusion was significantly elevated by Ϸ2-fold in CF vs. normal airways. The photobleaching methods and data analysis procedures for these measurements have been used extensively by our laboratory for the analysis of solute and macromolecule diffusion in cytoplasm and intracellular organelles (27, (38) (39) (40) . It should be noted that FITC-dextran diffusion represents linear Newtonian diffusion and does not contain information about complex and dynamic viscous properties of mucus such as thixotropy, elasticity, and adhesivity (41) . We noted empirically during microinjections that secretions in CF airways were more sticky than those in normal airways, suggesting differences in nonlinear viscous properties as well.
The elevated viscosity of CF gland mucus may represent increased mucin content, secondary to reduced fluid secretion because of loss of CFTR-mediated serous cell secretion (10, 12) or because of increased macromolecular secretion, either as a primary defect (42) or secondary to mucous cell hyperplasia. In any case, the increased viscosity of CF submucosal gland mucus might impair mucociliary clearance and antimicrobial defense mechanisms, thus contributing to bacterial colonization.
In these experiments, we did not study gland secretions induced by cAMP-elevating agents nor did we quantify rates of fluid accumulation, gland size, or gland structure. In contrast to the consistent and robust gland secretions in response to cholinergic stimulation, we found inconsistent secretions in response to adrenergic stimulation in the available human airway specimens, precluding analysis of secreted fluid properties. Based on reported data (43) , submucosal glands in individuals with CF are expected to show hypertrophy and other morphological abnormalities, which would confound the interpretation of absolute fluid secretion rates from individual glands. However the intrinsic properties of gland mucus (salt content, pH, and viscosity) have been proposed to be the clinically relevant quantities. Notwithstanding these caveats, our results provide evidence against altered electrolyte content in uncontaminated CF gland mucus and suggest that the principal alteration in CF airway submucosal gland secretions is increased viscosity. Measurements of gland fluid properties in response to other types of stimulation are needed to test the generality of these conclusions. Measurements in vivo may be possible using the optical methods reported here.
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